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EFFECT  OF  ME  GEOMETRIC  ARC  PARAMETERS  AND  AIR-SOLID  MIXTURE 
CONCENTRATION  ON  RESISTANCE  TO  MOVEMENT  IN  THE  BENDS  OF  LCW 
PRESSURE  PNEUMATIC  PIPELINE  TRANSPORTERS 


Zeszyty  Naukowe  Politechniki 
Lodzkiej,  No  79,  1966, 
Mechanika,  z.  16:  73-106 


1.  Introduction 

Pneimatic  pipeline  transporters  (PPT)  are  coning  into  increasingly 
widespread  use  for  the  transport  of  comminuted  materials. 

This  is  due  to  the  following  advantages  inherent  in  the  method! 

-  small  dimensions; 

-  ease  of  adapting  a  PPT  route  to  the  existing  local  conditions; 

-  low  capital  investment  outlay; 

-  ease  of  pipeline  branching  or  combination  of  several  lines  into  one; 

-  no  loss  of  material  (apart  from  the  finest  fraction  loot  In  the 
unloading  cyclones; 

-favorable  work  safety  and  hygiene  aspect; 

-  simple  supervision  and  control  in  view  of  the  small  number  of  moving 

parts; 

-  safe  means  of  transporting  harmful,  noxious  and  hot  materials. 

The  essential  disadvantages  of  the  system  are: 

-  application  range  (low  density  materials  up  to  3,200  kg/m?,  ’* 
in  the  conminuted  state  and  devoid  of  stickiness); 

-  large  unit  power  consunption* 

The  last  disadvantage  necessitates  research  aimed  at  correct  calcula¬ 
tion  of  the  magnitude  of  resistance  to  motion,  definition  of  the  places  at 
which  it  arises,  and  explanation  of  the  effeot  of  ths  major  PPT  parameters 
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on  the  magnitude  of  these  resistances. 


The  theory  of  FPT  makes  use  of  the  general  laws  of  the  theory  of  flew. 
The  following  resistances  due  to  friction  in  straight  sections  are  distin¬ 
guished:  j 


and  local  resistances 
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these  arise  in  the  rants,  T-junctions,  the  loading  and  unloading  installa¬ 
tions,  sections  of  accelerated  aonamt,  and  places  of  change  in  the  direc¬ 
tion  of  stream  fits#.  The  following  designations  bare  been  used  in  the 
formulas: 


coefficient  of  friction 


V  (m/sec)  air  stream  velocity 

Yfj  (kg/m?)  density  of  air  for  the  given  atmospheric  conditions 
L  (a)  length  of  the  straight  section  of  pipeline 


L  (a)  length  of  the  straight  section  of  pipeline 
D  (m)  internal  diameter  of  pipe 

g  ( a/sec2)  acceleration  due  to  gravity 


coefficient  of  local  resistance  to  flow 


In  view  of  considerable  repsatlMlity  of  direction  change  places  in 
pipeline  systems,  and  particularly  repeatlMUty  of  the  variously  position¬ 
ed  bends,  local  resistances  arising  in  tbs  bends  (hereafter  also  called 
arcs)  largely  affect  the  total  aagilturte  of  resistance  offered  by  a  pipe¬ 
line  to  the  flow  of  a  two-phase  system. 


According  to  the  data  published  by  the  noted  expert  Prof.  Brabbee, 
the  share  of  all  the  local  resistances  in  the  total  resistance  of  e  PPT  Is 
as  follows: 


50  -  150  ns  -  40* 
100  -  300  •  -  *>• 
300-600  •  -  80" 
400  -1100  •  -  90* 
>1100  •  -  95" 


The  increasing  share  of  the  local  resistances  In  the  total  veins  with  in¬ 
creasing  pipeline  disaster  can  be  explained  by  the  fact  that  these  resis¬ 
tances  (equation  2}  are  indspeedmxt  of  the  pipe  disaster  whereas  the 
resistance  due  to  friction  in  the  straight  sect  Ians  decreases  with  in¬ 
creasing  pipeline  disaster  (equation  1). 


low-pressure  PPT  usually  have  large  pipe  diameters;  bancs  the 
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significant  share, in  the  total,  of  the  resistance  arising  in  the  bends. 

This  fact  underscores  the  great  importance  of  correct  selection  of  the 
geoBetrioal  parameters  of  pipeline  bends  to  the  efficient  functioning  of 
a  PPT. 

The  resistance  to  notion  arising  in  the  course  of  flow  of  a  mixture 
of  air  and  the  transported  material  is  usually  determined  on  the  basis  of 
the  relationships  true  of  the  flow  of  pure  air,  with  correction  factors 
introduced  to  account  for  the  reeistenee  Increase  due  to  the  introduction 
of  a  solid  into  the  air  stream. 

Accordingly,  the  static  head  required  to  overcome  resistance  to  the 
flow  of  an  air/solid  mixture  is  defined  as 

Aa  ■  Pp  f1  ♦  (3) 

where:  p_  is  the  static  head  needed  to  overcome  reeistenee  to  the  flow 
of  air/solid  mixture;  p-  is  the  static  head  required  to  overcome  reeistenee 
to  the  flow  of  pure  air) 

(i  ♦  (4) 

where:  K  is  the  coefficient  taking  into  account  the  increased  reeistenee 

due  to  the  presence  of  solid} 

p  is  the  coefficient  of  mixture  concentration. 

In  using  this  formula,  the  assumption  is  made  that  the  same  value  of  K  is 
equally  true  for  straight  pipeline  sections,  bends,  and  other  local  re¬ 
sistances.  However,  it  is  universally  held  that  such  an  assumption  is 
unfounded  afid  due  to  the  lack  of  reliable  theoretical  knowledge  and  experi¬ 
mental  date. 

To  date,  research  on  PPT  has  been  mainly  concentrated  on  elucidation 
of  the  phenomena  occurlng  In  the  straight  sections,  a  case  for  which  the 
effect  of  various  factors  on  the  value  of  K  has  been  studied.  However, 
this  research  cannot  be  considered  complete.  The  effect  of  seme  factors 
has  not  yet  been  investigated,  while  the  influence  of  acme  others  has 
given  contradictory  or  widely  divergent  results.  Therefore,  at  the  moment 
there  is  no  unifom  method  for  calculation  or  selection  of  the  value  of 
K  for  different  materials. 

Despite  great  practical  significance  inherent  in  the  substantial 
contribution  of  local  resistancas  (particularly  tha  resistances  in  bends) 
to  the  total  value,  the  moisrt  of  attention  devoted  to  the  study  of  K 
relating  to  the  resistance  in  bends  bee  been  inecumensurately  —all,  (be 
encounters  in  the  literature  but  fear  attempts  at  a  theoretical  approach 
to  tha  problem.  Because  of  their  rtxortoomlngs,  the  relationships  proposed 


have  not  found  practical  application. 

The  best  work  to  date  in  this  field  has  been  done  by  G.  Weidner  /9/. 

In  his  theoretical  considerations,  Weidner  took  into  account  the  geometric 
position  cf  an  arc  (a  pipeline  bend),  and  on  the  basis  of  an  equation  of 
equilibrium  of  forces  acting  on  material  particles  moving  within  the  arc, 
he  gave  the  basic  relationships  for  particle  velocity  changes  and  pressure 
losses  due  to  the  arc.  However,  the  simplifying  assumption?  used  by 
Weidner  distort  the  actual  phenomena.  These  simplifications  include  ne¬ 
glect  of  the  aerodynamic  force  acting  on  particles  within  the  arc,  accep¬ 
tance  of  the  total  angle  of.  the  arc  as  the  angle  at  which  all  the  forces 
act  on  the  particles,  and  the  assumption  that  the  pressure  drop  for  a 
mixture  of  air  and  solid  particles  flowing  through  an  arc  is  only  slightly 
greater  than  that  for  pure  air,  and  that  the  total  pressure  loss  occurs  be¬ 
yond  the  arc.  hi  the  available  publications,  Weidner* s  work  does  not 
include  experimental  data  which  might  illustrate  his  theoretical  conclusions  • 

A  fuller  theoretical  picture  taking  into  account  all  the  important 
forces  acting  cn  material  particles  in  their  motion  within  an  arc  is  as 
follows.  The  forces  acting  cn  a  particle  moving  in  an  arc  are:  the  centri¬ 
fugal  force,  aerodynamic  resistance,  and  the  force  of  gravity  with  its 
radial  and  tangential  components.  The  relative  distribution  of  these 
forces  and  their  action  on  the  particle  depends  on  the  geometric  situation 
of  the  arc. 

Me  may  distinguish  five  basic  positions  of  an  arc:  ■  in  the  horizontal 
plane  (  — >-  )  and  four  positions  in  the  vertical  plane: 

1)  transition  from  the  horizontal  to  the  vertical  direction,  upwards 
motion  in  the  vertical  section  (  — >  )j 

2)  transition  from  the  vertical  to  the  horizontal  direction,  upward 
motion  in  the  vertical  section  (  f  ); 

3)  transition  from  the  horizontal  to  the  vertical  direction,  down¬ 
ward  motion  in  the  vertical  section  (  — ^  )j 

4)  transition  frets  the  vertical  to  the  horizontal  direction,  downward 
motion  in  the  vertical  section  (  I— >  ). 

Each  of  these  positions  exerts  a  given  effect  cn  the  system  of  forces 
acting  on  a  particle  flowing  in  an  arc,  and  thereby  on  the  magnitude  cf 
velocity  and  pressure  losses. 


Fig.  1.  The  fire  geometric  position*  o f  an  are. 

Aar/*  1.  Position;  2.  Horizontal  plana;  3*  Vertical  plana. 

2.  Flow  at  an  Air  and  Solid  Mixture  in  an  Are 

In  PPT  we  deal  with  a  two-phase  float  solid  phase  (notarial  parti¬ 
cles)  and  gaseous  phase  (air)*  The  degree  of  their  mutual  nixing  depends 
on  a  number  of  factors,  primarily  or  the  ratio  of  air  Telocity  to  the 
speed  of  suspension  formation  and  on  the  concentration  of  mixture. 

The  distribution  of  notarial  particles  through  the  pipe  cross-eection 
depends  on  the  geometric  position  of  the  straight  section  proceeding  the 
are.  In  a  vertical  pipeline  this  distribution  is  approximately  uniform. 

In  the  horizontal  sections  the  distribution  depends  on  the  mixture  conoea-  - 
traticn  and  on  the  ratio  of  air  Telocity  to  rate  of  suspension  formation. 

At  low  concentrations  and  high  V/F*  ratios  the  material  particle  distri¬ 
bution  through  the  cross-section  nay  be  taken  as  approximately  uniform. 

As  the  concentration  Increases  or  air  Telocity  decreases  (together  with 
the  V/V*  ratio),  the  particle  distribution  through  the  cross  section 


S 
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changes  in  the  direction  of  increased  particle  concentration  in  the  lower 
part  of  the  cross-section  and  corresponding  thinning-out  in  the  upper 
part*  At  high  concentrations  most  material  particles  aggregate  in  the 
leaner  1/3  of  the  pipe  cross-section  /10/.  After  a  given  value  of  the 
concentration  coefficient  is  attained  at  a  specific  value  of  V/Vz,  the 
heavier  particles  separate  out  of  the  stream  and  settle  on  the  pipe 
bottom.  The  layer  thus  formed  creates  increased  resistance  to  flow* 


The  ratio  of  the  specific  gravities  of  the  solid  to  gaseous  canpcc- 
ents  of  the  mixture  is  of  the  order  of  600-1,200.  This  very  high  ratio 
of  the  material  to  carrier  specific  gravities  is  of  great  importance  to 
the  movement  of  mixture  in  pipe  arcs.  High  inertia  of  the  transported 
material  in  comparison  to  that  of  the  carrier  medium  causes  the  former 
to  preserve  the  direction  of  motion  it  had  prior  to  entering  the  arc. 
Change  in  the  direction  of  particle  motion  occurs  only  as  a  result  of  the 
effect  of  the  pipe  mall*  The  motion  of  particles  through  an  arc  is  random 
due  to  bouncing  from  the  pipe  vail  and  turbulence  caused  by  changes  in  air 
velocity  along  the  radius.  The  cause  of  this  change  in  velocity  distribu¬ 
tion  lies  in  the  increased  concentration  of  particles  near  the  outer  vail 
and  change  in  the  direction  of  the  stream. 


The  motion  of  particles  through  an  arc  is  hindered  primarily  by 
friction  against  the  pipe  vail  and  against  the  particles  close  to  the  vail 
moving  at  a  lover  speed.  Further  slowing  down  occurs  on  account  of  collie 
sicna  with  the  vail  and  with  the  particles  moving  more  slowly  or  In  the 
opposite  direction.  Colli  along  are  more  frequent  within  an  arc  than  in  . 
the  straight  section  because  of  greater  concentration  of  particles  and 
their  more  random  motion. 


The  material  particle  and  the  air  streams  became  intermixed  again 
in  the  straight  section  after  ooergence  from  a  bend,  and  the  particle 
distribution  throughout  the  croes- section  becomes  mors  uniform* 


The  particles  slowed  down  in  the  bend  become  accelerated  in  the 
straight  section.  This  acceleration  accounts  for  further  loss  of  pressure 
in  the  straight  section,  beyond  the  bend.  Despite  the  fact  that  it  occurs 
in  the  straight  section,  this  pressure  drop  is  caused  by  the  arc,  and  must 
be  counted  among  the  loeses  arising  in  the  arc*  It  is  identical  with  the 
loss  occurring  where  the  material  particles  become .  accelerated  beyond  the 
loading  point,  with  the  difference  that  acceleration  occurs  not  from  saro 
velocity  but  from  a  given  velocity  attained  in  the  final  segment  of 
the  arc*  This  acceleration  continues  until  the  particle  attains  a  given 
constant  speed.  Beyond  the  arc,  constant  speed  can  be  attained  in  a 
sufficiently  long  straight  section,  and  is  equal  to  the  constant  speed 
established  prior  to  entzy  into  the  arc  only  in  the  case  of  a  bend  in  the 
horizontal  plane*  For  bends  in  the  vertical  position  the  speed  established 
beyond  the  are  depends  on  the  actual  geometric  position  of  the  latter* 
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.  3.  the  Effective  ingle  of  the  Are 

The  greater  inertia  of  the  solid  particles  in  comparison  with  that 
of  air  (the  several  hundred-fold  factor  mentioned  above)  causes  the  particle 
trajectories  to  remain  unchanged  in  the  initial  segments  of  the  arc,  and 
trajectory  curving  occurs  only  after  their  deflection  from  the  pipe  wall. 
Therefore,  the  decelerating  effect  of  an  arc  exists  only  over  a  part  of 
its  length.  This  length  corresponds  to  a  certain  central  angle  which  may 
be  termed  the  effective  angle  of  the  arc.  Zts  value  depends  on  the  internal 
pipe  diameter  0,  the  median  arc  radius  R#r,  the  concentration  coefficient, 
and  the  geometrical  position  of  the  are.  The  last  two  factors  determine 
the  position  of  the  gravity  center  of  the  mass  of  material  representing 
the  entire  mass  in  the  pipe  cross-section. 

Therefore,  the  individual  geometric  positions  of  the  arc  must  be 
considered  in  order  to  determine  the  value  of  the  effective  arc  angle. 

These  considerations  will  be  limited  to  the  central  angle  of  the  arc  $  ■  90°. 
The  value  of  the  effective  arc  angle  for  a  given  geometric  position  depends 
on  the  center  of  gravity  of  the  mess  of  material  in  the  pipe  cross-section 
in  relation  to  the  axis  of  this  cross-section.  For  vertical  sections  of 
pipeline  before  a  bend,  it  has  been  taken  that  the  trajectory  of  the  center 
of  gravity  coincides  with  the  qnenet rj  axis  of  the  pipe.  Oh  the  other  band. 

In  the  case  of  an  arc  proceeded  by  a  horlsontal  section  the  present  considera¬ 
tions  assume  that  the  center  of  gravity  lies  at  a  height  of  1/3D  above  the 
pipe  bottom.  Such  an  assoaptlon  is  frequently  encountered  in  the  literature, 
and  appears  to  be  reasonable  for  Inm^resenre  FFT  carrying  low  concentration 
suspensions. 

I.  Are  in  the  horlsontal  plane. 

&  accordance  with  the  assumptions,  the  center  of  gravity  of  the 
mass  of  material  in  the  pipe  cross-section  in  this  ease  lies  1/3D  above  the 
pipe  bottom.  In  addition,  the  following  simplifying  assumptions  have  been 
made* 


1)  Particle  trajectories  prior  to  encounter  with  the  facing  pipe 
wall  era  rectilinear  (the  curved  oourse  of  the  air  stream  pausing  the  radial 
exertion  of  the  aerodynamic  force  on  the  particles  has  been  ignored); 

2)  The  line  of  the  center  of  gravity  touches  the  facing  (outer)  wall 

of  the  pipe  bend  in  the  plane  of  an  arc  passing  along  the  horlsontal  disaster 
of  the  cross-section,  the  error  due  to  this  dose  not  exceed 

2$  in  the  most  unfavorable  ease. 


Dependence  of  the  affective  are  angle  on  the  diameter  D  and  the 


median  radius  of  are  R« 


Sin*  m 


be  repressed  as  follows  (Fig.  2): 

■rwyi  #» 


(5) 


where  a  is  the  effective  ere  angle. 

Dividing  the  numerator  and  denominator  of  the  above  relation  tgr  D, 
we  obtain  a  dependence  on  the  ratio  Bgx/Dt 

sin  cc  m 


Applying  the  above  assumptions  and  simplifications,  we  can  write 
equations  f  r  the  value  of  the  effective  are  angle  for  the  five  coses  of 
geometric  are  position  given  above.  The  formulas  are  given  in  Table  1. 


Fig.  2.  Diagrams  for  the  calculation  of  affective  arc  angles 
/K «yj/  l.  Position* 

The  effective  arc  angle  values  caloulatsd  from  these  formulas  for 
the  five  gacoetric  arc  positions  and  for  the  values  B^/D  from  1  to  8  are 
presented  graphically  In  Fig.  3* 


Table  1 


Values  of  tha  Effective  Arc  Angles  for  the  Individual  Geometric 
Positions  (Central  Angle  of  Arc  o  •  90°) 
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/Key/*  1.  Geometric  position  of  are;  2.  Value  of  effective  are 
angle;  3.  Horizontal  plane;  4*  Vertical  plane. 


4*  force*  Acting  on  Material  f articles  Inside  a  Bend 

Assume  that  in  the  course  of  motion  through  an  arc  the  particle 
velocity  varies  from  V™  to  V^  due  to  the  forces  acting  on  the  particles 
in  the  course  of  their  flow. 

In  order  to  ueflae  the  relationship  between  the  forces  acting  on 
particles  within  an  are  and  the  changes  in  their  velocity,  let  os  take  an 
infinitely  wall  segment  of  the  ere  corresponding  to  a  central  angle  dfc  and 
of  a  length  fide  *  2h  view  of  the  fact  that  a  preponderant  part  of  the 
particles  is  gathered  near  the  outer  wall  of  the  bsnd.  In  our  considerations 
we  must  use  the  outer  arc  radios  B_  and  not  (fig.  4).  *ha  particle  nasa 
■  in  tha  sequent  of  arc  under  consideration  is  acted  upon  by  the  following 


Fig.  3.  Dependence  of  the  effective  arc  angle  a  on  Hgj/D  for 
various  geometric  positions  at  6  »  90° 


forces: 


l)  centrifugal  fores 


(it  is  radially  directed  to  the  exterior  of  tbs  band); 


2)  tbs  fores  of  gravity 


r-£  *"■ 


This  force  can  be  asperated  into  two  components:  a)  tbs  radial  component 
(directed  along  the  arc  radius)  and  tbs  tangential  component  (perpendicular 
to  the  arc  radius).  The  magnitudes  of  these  components  dspend  on  tbs 
geometric  position  of  the  arc  and  change  in  tbs  course  of  notion. 
result  of  the  centrifugal  force  nod  the  radial  component  of  tbs  fores  of 
gravity  is  friction  of  the  material  against  tbs  band  wall  and  against  particle 
layers  located  does  to  tbs  wall.  The  direction  of  friction  is  always 
opposite  to  that  of  the  direction  of  motion. 


depending  on  the  gecDstrle  position  of  tbs  ar c,  the  tangential 
component  of  tbs  fores  of  gravity  may  either  accelerate  or  retard  the 
particles.  In  these  formulas  Q^Vg/aeo/  is  tbs  amount  of  material  in  kg 
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flowing  through  the  pipeline  per  second. 

3)  Aerodynamic  resistance  force  arises  as  a  result  of  the  action  of 
the  air  stream  on  the  elements  within  the  arc  ifcich  are  either  immobile  or 
moving  with  a  velocity  lower  than  that  of  the  air  stream.  3h  the  case  of 
material  particle  flow  in  the  arc,  aerodynamic  resistance  depends  on  the 
relative  velocity,  i.e.,  the  difference  between  air  and  particle  velocities: 

W  rn  r  -  *m  •  (9) 

The  value  of  aerodynamic  resistance  may  be  expressed  fay  the  equation: 

W  •  e  *  •  57  ft  »  (10) 

where  c  is  the  coefficient  of  aerodynamic  resistance. 


The  value  of  c  varies  depending  on  the  shape  and  the  surface  state 
of  particles  and  on  the  Baynolds  amber  which  characterises  flow: 

•  •  f  (**>»  (11) 

where  v  is  the  relative  particle  velocity; 

d  is  the  equivalent  particle  diameter; 

4  is  the  kinematic  viacoaity  coefficient  of  air. 

The  value  of  o  may  be  determined  from  the  approximate  fo  aula: 


The  coefficient  e  may  be  taken,  with  an  accuracy  sufficient  for  practical 
purposes,  ss  s  constant  value  for  certain  ranges  of  Be  (different  for  the 
individual  ranges  of  Be)  /9/.  In  accordance  with  Vewtan'e  second  lew,  we 
may  write  for  a  horizontal  pipelines 

S %  •  04) 

The  following  relationship  holds  true  for  a  vertical  pipeline: 


(w) 


Id  the  course  of  constant  motion,  sdisn  dV_/dt  »  0,  the  relative  velocity 
Is  equal  to  the  rate  of  suspension  formation.  Of  course,  this  holds  true 
for  the  vertical  sections  of  e  pipeline;  on  the  other  hand,  it  can  be  accep¬ 
ted  as  an  approximation  for  the  horizontal  sect lms. 


I 


(16) 


For 

following 


constant  notion,  relationship  (15)  may 
form: 

-•.Z4i.il r  m 
*0f  4  2j 


be  written  in  the 


• Xm  » 


where  Raz  is  the  Eeynolds  number  relating  to  the  rate  of  suspension 
formation  vz. 


On  the  assumption  that  in  the  course  of  particle  velocity  changes 
the  relative  velocity  and  the  rate  of  suspension  are  very  close  to  each 
other,  replacement  in  (14)  of  the  veigit  ten  by  the  equivalent  left  side 
ten  of  (14)  and  expressing  the  equation  in  terms  of  unit  mass  gives  the 
following  relationship  t 

1  .  -  (4- )***. 

J '  dt  A»*  rj  \V  (17) 


The  value  of  coefficient  K  depends  on  the  value  of  Re.  For  Re>  1,  i.e., 
in  the  region  of  applicability  of  square  relationship  for  the  calculation 
of  resistances,  k  •  Oj  for  the  region  of  resistance  calculation  according 
to  the  Stokes  relationship  (  R.  4*  1),  k  -  1.  In  the  case  of  PPT  we  deal 
exclusively  with  turbulent  motion,  i.e.,  with  the  case  where  Re>l;  then 
k  -  0  and  equation  (17)  assumes  the  form  — 


For  s  material  mass  present  in  the  element  of  arc  corresponding  to  the 
elementary  angle  dg  ,  change  in  movement  velocity  under  the  influence 
of  the  aerodynamic  force  is  expressed  fay  the  equation 

-jz  *"  (*¥*)’ •  <»> 

In  the  case  of  a  concrete  pipeline  with  given  operating  conditions  and 
material  where  7  ■  const  and  7(  ■  const,  it  is  seen  that  the  aerodynamic 
force  is  a  function  of  the  velocity  of  the  material  7_.  This  is  an  active 
force  which  Increases  the  motion  velocity.  Friction  due  to  the  resultant  of 
the  centrifugal  force  and  the  radial  component  of  gravity  is  the  passive 
force  retarding  motion.  Qep ending  on  the  geometric  position  of  the  arc, 
the  tangential  ccmpoenent  of  gravity  may  be  either  an  active  or  a  passive 
force,  respectively  accelerating  or  retarding  particle  motion.  It  is 
assumed  that  these  are  the  main  forces  determining  particle  velocities  and 
pressure  losses.  In  addition,  secondary  forces  exist  whose  effect  on  the 
notion  of  material  in  a  pipeline  bend  is  generally  maall.  imcng  these  are 
inter-particle  collisions  sal  stream  eddies  caused  by  changes  of  movement 
direction  in  bends. 

Changes  in  particle  velocities  along  an  are  are  due  to  the  forees 
enumerated  above,  sad  their  oomM  nation  depends  on  the  geometrlo 


position  of  the  arc. 

It  aost  ba  pointed  out  that  in  the  present  considerations  it  has  been 
assumed  that  the  outer  wall  of  the  pipe  represents  an  arc  with  a  radius  R, 
whereas  in  reality  in  the  case  of  a  circular  cross-section  the  bend  consists 
of  cylindrical  segaents  with  rectilinear  generators*  Ginn  a  sufficiently 
large  number  of  segments  (according  to  literature  this  number  is  4-6  for 
S  -  90°),  4  bend  with  a  segmented  structure  can  be  considered  a  true  arc. 

5.  Particle  Velocity  Changes  in  an  Are 

Particle  velocity  changes  under  the  influence  of  the  forces  discussed 
above  should  be  considered  separately  for  each  individual  geometric  position 
of  the  arc. 


I.  Arc  in  the  horizontal  plane. 

The  following  forces  act  on  material  particles  flowing  in  an  arc  in  \ 

the  horizontal  position:  .  ■%., 

1)  aerodynamic  resistance; 

2)  centrifugal  force; 

3)  gravity. 


Gravity  acts  in  a  plane  perpendicular  to  the  plane  of  the  arc.  The  resul¬ 
tant  of  the  centrifugal  and  gravity  forces  which  generates  friction  is 


and,  for  an  arc  element  with  a  length  R  dl  : 


'V&  *  *  #)'♦  - 


Sm*£ 

*m9 


Y*c  ♦  sl  **'• 


(20) 

(21) 


This  resultant  force  is  inclined  to  the  horizontal  at  an  angle  f  ,  which 
can  be  determined  fraa  the  equation 

9* 


(22) 


The  resultant  force  P  and  its  Inclination  angle  f*  depend  on  the  outside  arc 
diameter.  In  an  i.’-c  situated  in  the  horizontal  plane  no  material  is  lifted* 
Therefore,  the  effect  of  gravity  is  expressed  only  by  changes  in  the  magni¬ 
tude  and  inclination  of  tha  resultant  fores  P.  This  effect  is  amall .  An 
increase  in  the  resultant  fores  by  taking  gravity  into  account  would  amount 
to  only  a  few  percent  in  the  aortrma  ease.  Cb  the  other  bead,  a  substantial 
simplification  of  the  mathematical  formulas  is  achieved  by  ignoring  the 
effect  of  gravity.  A is  'ordingly,  it  may  be  taken  that  friction  in  an  arc 
in  the  horizontal  podt/  n  Is  due  to  the  centrifugal  force  only.  Therefore, 


<3 


the  force  equilibrium  equation  in  thie  caee  will  have  the  foxsat 

*;*  4  - 'ftr*  *•  49*  *  «j) 

where  f  ie  the  coefficient  of  material  Motion  against  the  pipe  wall* 
Equation  (23)  max  be  traneforaed  to  take  the  foat 

Dividing  this  equation  by  %*Bdfc  and  aaltipXjring  it  we  obtain  a 

differential  equation  of  motion  in  the  font 

t  'i-t'&hifr-*-  cb> 


order  to  eliminate  the  time  differential  dt,  we  can  eubetitute  variables 
on  the  basis  of  the  relationship: 


*"“■&  1  *•* 


hence 


■— If;  _  J 

Substituting  this  quantity  in  (25)  we  obtain 


After  multiplying  by  B  end  developing  the  second  term,  Sq.  (27)  will  assume 
the  form: 

Denoting  by  k  the  oonstsnt  quantity  for  a  given  are  and  material  k  •  Hg/V^, 
we  can  write  .  . 

*  •  ■ 

fc  'S*  *  ftf  +  tA  r  rw  -  k  r*  «  o .  ^9) 


la  e  concrete  ease  of  flow  of  e  constant  aeount  of  air  given  a  constant 
mixture  concentration  and  a  pipeline  of  constant  diameter,  it  can  be  taken 
that  the  mean  air  velocity  ▼  is  also  oonstsnt*  Sa  this  esse,  the  following 
designations  of  constants  are  introduced  to  simplify  the  eqpsbions 

a  -  f  -  *»  e  . 

a  -  e  S  v.  v30) 


than  the  equation  of  motion  can  be 


g  •  2  k  r* 

:_a  *  *  *** 
in  the  feint 


>  t  ♦*  g|el  g,-  #•« 


I 


or,  dividing  both  aides  by  ?Bi 


(32) 


or 


Fig.  4.  Forces  acting  an  notarial  particles  in  a  band 


Fig.  5.  flchcnatlo  of  forces  acting  in  the  horlaontal  plana 

H.  Are  in  the  vertical  positioc  (  — ^ ),  transition  froa  tha 
horlaontal  to  tha  vertical  direction,  upward  notion  in  tha  rartical  Motion 

In  contract  with  tha  last  ease,  notarial  la  this  position  is  lifted 
to  a  certain  hdfit.  tha  fores  of  gravity  lias  la  tha  plans  of  tha  are, 
and  directly  offsets  tha  resultant  nagnitade  of  friction.  Os  offset  on 
velocity  changes  is  substantial* 


of 


2,  tha  aqallibrlm  equation  **" 


#  dt 


&L 
*n 

-$*•***  tin  a #d*£  ♦ 

♦  jjj^  *4,'^. 

(33) 

Applying  the  transformations  and  substitutions  aa  before,  we  obtain 

*»  ♦«-*>»£♦  2  *  k  r*  ♦  (34) 


ba  writ tan  aa  follow* t 


Substituting  a  m  f  -  k, 
A  -  2  A  rt 
e  •  A  r*» 

*  •  *9* 


♦  /Aj ?ooe  «  ♦  ty  sin  c  .  o. 


(35) 


ms  obtain  tha  final  differential  aquation  of  notion  in  the  form 

*m  **•  •>¥me+&00m  *  ♦  £»*»  «  -  0,  (36) 


and,  dividing  the  sides  by  VK<  we  hare 

-%*■  ♦  ar,  ♦  6  dome  a  -J"  ■*»* 

»  >  a  a 


(36,) 


or 


*;  - 


ar  -  a  ♦  ~  -  4-oome  •  slnS  -  o.  (36»») 
t  >  r* 


In  a  similar  Banner  we  obtain  the  differential  aquations  of  motion 
for  the  remaining  three  geometric  positions  of  the  are  in  the  vertical 
plane.  These  equations  are  periled  in  Table  2. 


pig.  6.  Schnaatie  of  forces  acting  in  the  rertioal  plane  in  position 
II  ( - 7  ) 


fL 


Table  2 


Differential  Equations  of  Motion  of  Particles  in  an  Arc  Conduit 
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/Eqjr/j  1.  Geometric  position  of  aroj  2.  Symbol;  3.  Differential 
equation  of  notion;  4.  Horizontal  plans;  5.  Vertical  plans;  6.  Equation 
holds  for  the  range. 

The  conditions  (Table  2)  at  which  the  equations  for  positions  IH 
and  I?  are  true  linit  their  applicability  to  the  ease  of  particle  notion 
along  the  enter  wall  of  the  pipe  bend.  M.en  the  inequality  is  fulfilled 
in  the  direction  opposite  to  that  given  in  Table  2 ,  the  particles  would 
be  pressed  against  the  inner  wall  of  the  are  by  a  fores  given  by  the  dif¬ 
ference  between  the  radial  component  of  gravity  and  the  centrifugal  force. 

In  that  ease  the  equation  should  contain  the  value  of  the  internal  are 
radius,  and  the  sequence  of  the  terns  in  the  brackat  multiplied  by  the 
friction  coefficient  f  should  be  changed.  It  may  also  happen  (V_  decreases 
along  the  are,  and  the  value  of  the  sin  function  increases)  that  particles 
will  travel  along  the  outer  wall  for  some  distance  and  along  the  inner  wall 
aubaaqpantly,  in  which  case  the  above  two  types  of  equation  would  hold 
true.  It  should  be  pointed  out  that  reverse  eddies  close  to  the  inner 
wall,  especially  near  the  end  of  the  arc,  radically  altar,  the  nature 
of  the  phenomenon  and  Mks  its  nathanatloal  representation  impossible. 

boat  frequently  encountered  in  practice  is  ths  case  considered 
abova,  i.e.,  v88a  -  .or  £Sb  - .  .  The  reasons  why  it 

JjL>foeet 


is  considered  typical  are  readily  apparent.  A  confirmation  of  this  will 
be  furnished  by  the  following  maaerical  example: 

If  VB  »  5  a/sec  and  &  -  2.5  a,  then  v£/&  ■  10,  which  is  greater  than 

the  value  of  g  sin£  for  the  terminal  point  of  the  arc  (always  t^S  -  90°). 
It  should  be  stressed  that  the  naployed  value  of  H  ■  2.5  is  very  large 
and  rarely  encountered  in  concrete  PPT,  whereas  VB  -  5  m/aec  is  rather 
small. 

The  differential  equations  of  particle  motion  in  an  are  are  the  Abel 
equations  of  the  second  kind  of  the  general  font 

[?  ♦  9  W]  y‘-  ft  (r)  ft  00.  (37) 

This  form  is  in  accordance  with  the  original  version  given  in  the  work 
“Ouvres  Completes  de  H.N.  Abel",  Vol  2. 

In  the  case  under  consideration  y  ■  tm  ,  _ 

l  * 

j  9  (*)  -  0, 

88c  |  4‘  (*)•-*# . 

1  f%  (*)  ■  •  fc» 

a  (*>  ■ « t  ±  «{SK.  • 

In  the  general  case  this  equation  has  no  integral  solution,  mere 
are  particular  solutions  for  the  oases  fi(x)  ■  0  or  £q(x)  m  0.  Thus  the 
equations  of  particle  motion  in  an  arc  given  in  Table  2  cannot  be  presented 
in  the  integral  form.  Thqjr  have,  therefore,  been  solved  approximately  by 
the  Hemlng  method  using  a  ZAM-2&  computer.  In  this  manner  tables  of 
approximate  solutions  have  been  obtained.  These  tables  were  used  to  con¬ 
struct  graphs  of  particle  velocity  changes  in  bands  of  various  H^/0  ratios 
ranging  from  1  to  8,  using  characteristic  numerical  data  for  two  materials: 
wheat  and  beechwood  chips. 

The  values  of  10  and  15  =/sec  have  been  used  ss  the  initial  velocities 
in  constructing  the  graphs  illustrating  material  particle  velocity  changes 
in  arcs  having  various  B,Jd  ratios.  In  these  graphs  the  values  of 
effective  are  angle  have  Men  marked  for  each  Hgr/D  value.  Also  constructed 
were  graphs  illustrating  the  particle  velocity  manges  corresponding  to 
the  theoretical  equations  not  into  account  the  effect  of  the  aero¬ 

dynamic  force  on  the  particles  within  the  volume  of  the  pipe  bend  (i.e., 
the  equations  derived  by  Weidner).  This  makes  possible  to  sspsrats  the 
pressure  leases  caused  by  the  arc  Into  the  part  oc curing  within  the  arc 
itself  end  the  pert  manifesting  itself  in  the  straight  portion  of  pips 
beyond  the  bead. 


t 


I 


1 


Fig.  7.  Graph  of  Particle  Telocity  changes  in  an  are  In  the  horizontal 
position  (Hi  — *  )  with  Bjj/D  -  3.  Katerail:  wheat* 

Figure  7  shcwa,  aa  an  exmnple,  one  of  the  graphs  of  particle  velocity 
changes  within  a  bend. 


For  each  geometric  position  of  the  arc,  collective  graphs  have  been 
constructed  Illustrating  the  dependence  of  particle  velocity  loss  AV_ 
within  an  are  on  the  outer  arc  radius  or,  in  tna  case  of  constant  disaster, 
an  the  values  of  Rgj/D.  ttawplea  of  these  graphs  are  given  in  Figs.  8-12. 

In  these  graphs  are  plotted  the  total  particle  velocity  lose  V-.,  as  wall 
as  the  partial  loss  sustained  within  the  are  itself  AVgt  and  in  the  straight 
section  beyond  the  ere  pr#  Preseure  lessee  due  to  the  ere  end  ooeuiv 

lng  in  the  arc  itself  and  in  the  straight  section  beyond  ere  proportional 
to  the  corresponding  values  of  A7«t  A7*  pr. 

6. .  Pressure  Loss  Coefficients  in  the  Art 


the  problem  of  partiole  velocity  i*e»  gee  oc  curing  in  an  arc  and  the 
need  to  accelerate  them  in  the  bend  itsbtf  and  in  the  straight  Motion  is 
associated  with  a  lose  of  pressure  appended  to  achieve  this  aooeleretion. 
?hi*  loss  «ay  be  oaloulated  on  the  basis  of  the  ^T"1**  principle » 


mu  .urn  Mini 
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Fl«.  ID.  CoUoctiTs  graph  of  91a  ^«^/(T?)*f(H,)  for  an  arc  la 
tha  rartical  plana,  position  HI  (  p*" ),  notarial,  wheat,  7^-15 
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n«.  12.  Collective  graph  of  (®4£a  f(^t)ra  f(H»)  for  an  arc  la 
vertical  plana;  position  1?  ( — *  ),  notarial:  beechvood  chips, 

“  10  n/sso.  ” 


Fig.  12.  Collective  graph  of  92a  ■  f  (t$vs  f(Rz)  for  an  arc  in 

the  vertical  plane  (l— ^  );  material:  beech  wood  chips,  V  -  15  m/e 

[»/«•],  (38) 

where  ^  t  -  loss  caused  by  the  are; 

•f p-  density  of  air; 

T  -  average  air  velocity; 

y.  -  weight  concentration  coefficient  of  mixture; 

&Va  “  7mp  "  vak  ”  eh«ag«  of  particle  velocity  within  the  arc. 

is  we  know,  the  total  pressure  loss  due  to  the  arc  is  divided  in  two 
parts,  according  to  the  place  of  occurrence  associated  with  the  resuaptlon 
of  the  velocity  lost  in  the  arc: 

1)  with  an  effective  angle  In  the  arc  itself:  y\pti; 

2)  in  the  straight  section  beyond  the  are:  Apt2 

dpx  (39) 

tom  -  tojt  ♦  tom9r 


The  quantity  A  V.  to  be  substituted  in  Eq.  (38* )  consists  of  the  value 
corresponding  to  the  section  of  the  vertical  straight  line  which,  in  the 
graph,  denotes  the  effective  angle  of  the  arc  subtended  between  the  curves 
of  particle  velocity  changes  in  the  arc  plotted,  respectively,  free  the 
formula* including  end  neglecting  the  effect  of  the  aerodynamic  force  on  the 
particles.  The  quantity  Avm  pr  substituted  in  (38")  consists  of  the 
difference  between  the  steady  velocity  attained  by  the  particles  beyond  the 
arc  and  that  which  the  particles  travel  in  the  outlet  cross-section  of  the 
bend,  i.e.,  the  value  (read  for  the  effective  angle  of  the  arc)  free  the 
graph  of  velocity  change  whithin  the  arc  which  takes  into  account  the  effect 
of  the  aerodynamic  force. 

This  procedure  for  an  arc  in  the  horizontal  position  is  illustrated 
in  Fig.  13  which  represents  the  course  of  Vtt  ■  f(£  ). 


The  value  of  the  steady  velocity  attained  by  the  particles  past  the 
bend  depends  on  the  geometric  position  of  the  arc: 

1)  In  the  case  of  position  I  (in  the  horizontal  plane)  the  steady 
velocity  beyond  the  arc  may  be  equal  to  that  established  before  the  arc. 
In  this  case  the  equation  for  wet eclating  the  pressure  lose  due  to  an  arc 
should  include  the  velocity  difference  between  the  values  before  the  arc 
(V  )  and  at  the  end  of  it  (7mlf),  which  represents  the  pressure  loss  due 
to“tne  arc: 

Afmpr  •  «W" r«* 

. (40) 

2)  Position  IE  (the  vertical  plane  >.  Here  the  material 

velocity  may  attain  the  maxim  value  7*  ■  7  -  7g  \ix m  before  the  arc  the 

•  rV  had  a  different  (generally  greater)  value.  Than 


velocity  Vjgp 


where 


93a 


d*Wyr  “  * 


(41) 


3)  Position  HI  (the  vertical  plana:  r-4  )•  the  particle  velocity 

7«m-jT-7, 


before  the  bend  may  have  the  value  7-.  ■  7  -  T„  Teresa  beyond  the  arc 
the  steady  velocity  attained  may  be  pV,  gm* rally  higher  than  the 


value  before  the  arc  (the  band  is  followed  by  a  horizontal  section  of  pipe). 


The  acceptance  of  the  theoretically  valid  principle  that  the  differ¬ 
ence  between  the  initial  velocity  before  the  bend  and  the  velocity  attained 
by  the  particles  in  its  outlet  cross-section  is  to  be  taken  as  the  maxima 
velocity  loas  due  to  an  are  logically  results  in  the  need  for  additonal 
acceleration  of  particles  beyond  the  band  from  7b  -  7  -  7,  to  7£  -  f  7. 
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Fig.  13.  Schematic  For  calculation  of  particle  velocity  losses 

in  an  arc. 

/Fey/:  1)  Including  the  aerodynamic  force;  2)  Neglecting  the 
aerodynamic  force;  3)  Effective  are  angle. 

Therefore,  it  appears  advisable  to  include  this  additional  difference  in 
the  total  velocity  loss  due  to  an  are.  Then  the  velocity  loss  used  in  the 
equation  for  pressure  loss  calculations  mill  increase  by  V.  -  (1 rp  )  T  and 
willb.  Tmpr-J»7-7Bk.  * 

4)  Position  17  (in  the  vertical  plane:  — ^  ).  Depending  an  the 
downward  length  of  the  straight  section,  the  particle  velocity  attained 
beyond  the  bend  may  be  greater  than  before  it.  This  is  caused  fay  the 
combined  action,  within  the  band,  of  the  tangential  component  of  gravity 
and  the  aerodynamic  farce.  Beyood  the  bend  the  whole  force  of  gravity  is 
active,  and  it  combines  its  action  with  that  of  the  aerodynamic  force 
until  the  particle  velocity  equals  that  of  the  sir  stream.  later,  at 
V->7,  the  aerodynamic  force  begins  to  hinder  the  motion  of  particles, 
which  may  attain  a  velocity  V-  -  V  ♦  V,.  Only  the  pressure  expenditure 
required  to  propel  the  particles  to.  the  velocity  V__  which  they  bed  before 
entering  the  ere  should  be  considered  ee  pressure  leas  due  to  the  are  and 
manifesting  itself  in  the  straight  section  beyond  the  ere* 

94a  •  f  *  *  *  r«a  • 

5  position  7  (in  the  vertical  plane:  l— >  ).  The  particle  velocity 
before  the  are  depends  on  the  length  of  the  corresponding  straight  section 
of  the  pipeline  and  may  be  greater  then  that  of  the  air  strew.  The  particle 
velocity  in  the  horiscntal  section  beyond  the  arc  may  attain  the  value 
V’  •  f°7  (waller  then  the  air  stream  velocity).  Xo  this  case  the  pressure 


loss  due  to  the  arc  depends  on  the  particle  velocity  in  the  initial  cross- 
section  of  the  effective  part  of  the  are,  and  in  the  particular  case  may 
equal  zero. 


The  same  particle  velocities  (ID  and  15  V**c)  were  used  la  plotting 
the  graphs,  whereas  the  air  stream  velocities  V  used  depended  on  the  geo- 


metric  position  of  the  arc. 

For  positions  I,  II  and  17,  V  -  ;  for  position  HI 

V  -  Vn  ♦  V2,  and  for  position  7  (l— >  ),  7  *  7B. 

( r*  >> 

The  foregoing  reasoning  makes  it  possible  to  derive  theoretical 
formulas  defining  the  coefficient  of  resistance  to  the  motion  of  an  air/ 
material  mixture  in  an  arc  or  coefficient  which  takes  into 

account  the  effect  of  the  material  on  the  increase  of  flow  resistance 
of  a  mixture  in  relation  to  the  resistance  to  the  flew  of  pure  air  in 
accordance  with  Eq.  (3). 

Considering  the  equation  for  resistance  In  an  arc  arising 
of  material  transport 

In  the  course 

^v*?*.*  0  r*» 

(42) 

we  can  write 

(43) 

Adopting  the  camocnly  used  formula  idiieh  takes  Into  account  the 
resistance  due  to  the  flow  of  material  particles,  we  can  write 

increased 

*p”m  fc*  5 j  r,  (1  * 

while  referring  to  Eq.  (42) « 

(44) 

Kum  e.i*  (\  *  ***  V 

(45) 

This  relationship  enables  us  to  determine  the  coefficient 

~  -1 

(46) 

At  the  same  time,  taking  into  account  the  total  pressure  loss  la  an  arc 
(i.e.,  the  loss  due  to  the  flow  of  pure  air  pins  the  additional  expenditure 
needed  to  accelerate  the  material  particles),  we  can  write 

if  rp  *  ^  (47) 


Substituting  this  value  in  (43)  **  obtain 

Su  ’tt,*  ¥  (48) 

in  turn,  this  quantity  substituted  in  (46)  gives 


It  follows  from  the  last  two  aquations  that  both  the  value  of  the  resistance 
coefficient  V  ^  and  the  coefficient  L  it  t  constant  air  speed  depend  an 
particle  velocity  changes  in  the  arc  and  on  the  experimentally  determined 
coefficient  of  resistance  to  the  flow  of  pure  air  in  an  arc  t,  tp*  Indirec¬ 
tly,  both  these  coefficients  are  e  function  of  the  outer  arc  diameter  (or 
the  ratio  BSI/0  at  a  constant  value  of  0).  They  also  depend  on  the  phy¬ 
sical  characteristics  of  the  material  being  transported,  i.e.,  the  coeffiant 
of  friction  and  the  speed  of  suspension  formation* 

Theoretical  calculation  of  the  material  particle  velocity  changes  in 
an  arc  will  always  suffer  from  soma  error  for  the  following  reasons: 

1)  A  real  material  always  consists  not  of  selected  uniform  and  identi¬ 
cal  particles  but  rather  of  a  mixture  of  particles  differing  in  weight* 
size  and  shape  for  which  the  rates  of  suspension  formation  will  be  differ¬ 
ent,  whereas  the  equations  for  computation  of  the  aerodynamic  force  contain 
a  uniform  value  which  la,  aa  a  rula,  true  for  the  largest  and  heaviest  par¬ 
ticles. 

2)  Eddies  of  both  air  and  material  particles  exist  in  a  bend,  and  there 
is  interaction  between  particles.  The  equation  does  not  take  these  effects 
into  consideration;  it  only  takes  into  account  the  effect  of  the  major  and 
most  important  forces,  although  the  influence  of  the  neglected  secondary 
forces  is  obvious.  At  may  rate  these  phenomena  are  not  amenable  to  theoreti¬ 
cal  manipulation  if  only  because  they  are  random,  irregular  and  dependent  on 
a  number  of  peripheral  causes. 

The  proper  numerical  values  of  the  resistances  and  coefficients  com¬ 
prising  sceanarlly  all  the  losses  oc curing  in  an  ere  can  only  be  obtained 
experimentally.  The  aim  of  such  an  experiment  should  be  to  confirm  the 
correctness  of  the  theoretical  considerations,  to  establish  the  discrepancy 
between  tbe  calculated  and  experimental  values  and  to  gather  experimental 
data  required  for  determining  the  coefficients  needed  in  practical  appli¬ 
cations. 

7.  Experimental  Investigation  of  Pressure  lessee  in  the  Bends  of  low 
Pressure  PPT  During  Material  Transport  - 

In  order  to  verify  the  theoretical  solutions  presented  above,  testa 
were  run  on  an  experimental  installation,  eusflalng  measurement  of  pressure 


losses  oc  curing  during  the  transport  of  an  air  /material  mix  fare.  Pressure 
were  measured  in  the  bend  (  A  p^t)  end  in  the  straight  section 
beyond  (  Af^p). 

7*1*  Test  Stand 

The  test  stand  consisted  of  a  low  pressure  PPT  of  the  ram  type  com¬ 
prising  a  pipe  with  an  internal  diameter  Q  *  280  mm  and  straight  section 
lengths  of  about  56  m,  and  11  bends  changing  the  direction  of  flow.  Variable- 
radius  elbows  (constant  diameter  D,  variable  Rsr/D  ratio)  were  used  where 
the  changes  in  flow  direction  oc  cured  in  the  horizontal  plane  and  in  the 
vertical  plane  in  position  H  ( — ^  )  (transition  from  the  horizontal  to  the 
vertical  direction,  upward  motion  in  the  vertical  section).  A  study  was 
made  of  the  effect  of  the  value  of  outer  arc  radius  and  the  Rsr/D  ratio  on 
the  pressure  drop  caused  by  an  arc  in  six  pipe  bends  having  the  following 
Ba_/o  values:  1.5,  2.0,  2.5,  3*0,  4*0  and  6.0*  The  quantity  of  the  solid 
material  fad  was  varied  in  order  to  investigate  the  effect  of  the  concen¬ 
tration  factor  on  flow  resistance.  The  following  material  flow  rates  were 
used  in  the  study: 

wheat:  0*0  7*  1.0,  1.2  and  1.5  kg/sec; 

beechwood  chips:  G  »  0.35,  0.5,  0.6  and  0.7  kg/sec. 

A  fan  with  an  output  of  about  7,000  m3/hr  and  a  static  pressure  of 
about  400  am  water  column  was  used  to  generate  an  air  stream.  The  material 
to  be  transported  was  introduced  into  the  stream  through  a  loading  device 
located  just  beyond  the  fan.  Two  types  of  loading  device  were  used:  the 
shelf  type  and  the  drum  type.  The  unloading  was  done  in  a  cyclone  located 
at  the  end  of  the  pipeline.  The  material  separated  from  the  air  stream  was 
collected  in  the  bottom  part  of  the  cyclone  and  was  allowed  to  drop  into  a 
container.  A  weighing  -  matering  device  was  used  to  feed  strictly  defined 
amounts  of  material  into  the  system.  The  device  consisted  of  two  belt 
conveyors:  the  upper  one  (constituting,  the  bottom  of  a  container)  functioned 
as  a  metering  device  collecting  the  desired  amounts  of  material  from  the 
container,  while  the  lower  one  weighted  the  amount  of  material  dispensed. 

8.  Measurements  and  Measuring  Ihstnaumts 

The  following  quantities  were  measured  on  the  test  stand: 

1)  the  amount  of  material  introduced  into  the  pipeline  j 

2)  the  static  pressure  distribution  in  the  pipeline; 

3)  the  total  and  dynamic  pressure  distribution  through  the  pipe 
cross-section. 

8.1.  Xeasuremsnt  of  Material  Quantity 

Measurement  of  the  amount  of  material  introduced  into  the  stream 
per  unit  time  was  intended  to  determine  the  mixture  concentration.  The 


quantity  of  material  was  measured  with  the  aid  of  a  clockwork  sensor 
having  a  0.01  mm  division  scale.  The  basis  of  measurement  was  the  bending 
of  a  flat  spring  bearing  on  one  end  the  frame  of  the  weighing  conveyor 
suspended  on  a  knife  edge.  The  regulated  length  of  the  spring  made  it 
possible  to  align  the  number  of  sensor  divisions  with  the  quantity  of 
material  dispensed  in  unit  time.  Calibration  of  the  scale  (i.e,,  determina¬ 
tion  of  the  number  of  sensor  divisions  corresponding  to  1  kg/sec  of  material) 
was  accomplished  by  weighing  portions  of  material  delivered  over  a  given 
period  of  time. 


Fig.  14*  General  view  of  test  stand 

8.2.  Measurement  of  Static  Pressure  Distribution  in  the  Pipeline 

Holes  were  drilled  in  the  pipe  at  characteristic  points  where  pressure 
measurements  had  to  be  made.  The  hole  edges  weirs  smoothed,  and  short  lengths 
of  pipe  were  welded  on  for  connection  to  a  battery  manometer  fay  means  of  rub¬ 
ber  tubing.  Static  pressure  was  measured  In  the  initial  and  final  cross-sec¬ 
tions  of  bends  In  the  horizontal  position,  those  situated  in  the  vertical 

position  (position  II  :  - ?  ),  and  at  points  18  m  beyond  the  bend  in  the 

straight  portion  of  pipe  situated  in  the  horizontal  position.  In  the 
straight  section  the  measurement  points  were  located  every  two  meters.  Mo 
measurements  were  dime  in  the  remaining  three  positions  of  the  arc  (HI  -  V). 
The  pressure  drop  over  a  section  of  pipe  is  obtained  as  the  difference  be¬ 
tween  the  pressure  values  at  the  beginning  and  the  end  of  a  given  section. 

8.3.  Measurement  of  Pressure  Distribution  Through  Pipe  Cross-Section 

The  aim  of  this  measurement  was  to  determine  the  distribution  of 
air  velocities  in  the  pipe  cross-section,  calculate  the  average  velocity 
and,  in  effect,  to  determine  the  air  output  per  second.  Khowing  the  air 
output  and  the  amount  of  material  introduced  per  unit  time,  it  was  possible 


to  calculate  tho  weight  concentration  factor  of  tha  mixture.  Measurements 
war*  den*  at  nin*  point*  of  pip*  cro**-a action  at  th*  two  extra— a  located 
at  U  —  fro*  th*  pip*  wall*  and  a*ran  in  int*x— diat*  location*  at  equal 
intervals  from  *ach  other.  Static  and  total  pressor*  wa*  measured  at  these 
point**  th*  difference  of  these  two  value*  giving  the  dynaaie  pressure. 

The  pressure  distribution  in  th*  pip*  cross-section  was  measured  using 
the  Prandtl  hook  sensors.  These  sensors  could  not  be  used  for  pressure 
measurement  in  the  course  of  material  mixture  flow  since  their  orifices 
sonn  became  clogged  by  the  dust  accompanying  the  nova— nt  of  material  par¬ 
ticles.  This  purpose  was  achieved  by  using  straight  sensors  inserted  at 
45°  in  the  direction  of  flow.  Such  sensors  gave  rather  considerable 
pressure  indication  error.  To  eliminate  this  error*  all  the  sensors  were 
calibrated  in  e  calibration  tunnel.  In  processing  experimental  data, 
corrections  were  introduced  using  the  calibration  results  in  the  form  of 
graphs.  The  short  pipe  stubs  and  sensor  terminals  were  connected  by 
rubber  tubing  with  the  terminals  of  e  22-tube  battery  manometer  on  which 
the  pressure  values  for  the  Individual  measurement  points  were  read  off. 

For  better  visibility,  the  manometer  tribes  were  frequently  filled  with 
colored  denatured  alcohol.  The  height  of  the  individual  nanometer 
was  recorded  by  photo graphong  the  battery  manometer  fees.  The  results  ware 
read  off  the  £11—  using  a  readout  device  and  recorded  in  tables.  The 
photographic  technique  —Met  simultaneous  recording  of  pressure  at  all  mae- 
■ur ament  points  and  parftamaao*  of  many  measurements  at  approximately  th*  earn 
atmospheric  condition*  and  s  similar  state  of  th*  transported  — terlal.  To 
eliminate  the  momentary  variations  present  in  turbulsat  notion,  each  —a aura 
ment  was  repeated  from  several  to  over  ten  tie—,  and  avstrag*  value*  —re  used 
in  subsequent  calculations. 


•  9*  Results  of  Keasuraneut* 


The  pressure  value  for  each  Individual  innirmmt  point  «op«lted  of 
the  difference  between  th*  liquid  ool—  belgth  In  th*  tube  oonneoted  to  tho 
atmosphere  and  that  connected  to  a  given  miasurammit  point  s*  reed  off  tho 
photographic  film.  The  remit*  in  ter—  of  the  spirit  r  belgth  were 
re  calculated  into  water  colimn  belgth  values,  taking  into  account  the  taw 
psratur*  at  iddnh  the  memmxemant  was  —da.  Th*  results  ware  reduced  to  a 
constant  —1—  of  air  density  so  that  measurements  made  under  different 
atmo^hsrle  conditions  could  bo  covered.  The  vul—  of  th*  specific  gravity 
of  air  f  ■  L2  k*/**  mi  used  as  the  reference  value.  The  conversion  was  mode 
Moerding  to  the  Bcyle-harlotte  equation 


wheretpi  Is  the 
Ti  -  1.2 
P2  is  th* 

static  so 
Ta^the 


(30) 

pressure  corresponding  to  specific  gravity  of  air 

»  «*d*r  given  atmospheric  oonrtlttc—  (the  s—  of  th* 

isric  pressure*  in  th*  pipeline! 

gravity  of  air  corresponding  to  glv—  at— spheric 


pressure  p#  , 

tx  "  1.2  kg/m3. 

Tho  difference  between  the  static  pressures  measured  at  the  beginning 
and  the  end  of  a  bend  gave  the  pressure  loss  sustained  in  that  bend.  The 
pressure  along  the  straight  section  beyond  the  bend  was  measured  to  determine 
the  additional  pressure  loss  due  to  the  bend  but  manifesting  itself  in  the 
straight  section.  This  loss,  incurred  to  accelerate  material  particles,  is 
calculated  fran  the  static  pressure  changes  along  the  straight  section* 

For  this  purpose  it  was  necessary  to  plot  a  pressure  drop  graph  for  the 
straight  section.  The  length  of  the  straight  section  was  plotted  on  the 
abscissa  in  a  suitable  s^le,  marking  the  positions  of  the  individual  measure¬ 
ment  points,  while  the  pressure  measured  at  these  points  was  plotted  on 
the  ordinate.  The  pressure  in  the  final  segment  of  the  bend  was  used  as 
the  reference  pressure  (equal  to  zero).  The  line  joining  the  points  so  plotted 
is  a  curve  for  a  section  immediately  following  the  bead,  and  becomes  a  straight 
line  further  on.  The  straight  portion  corresponds  to  the  section  of  steady 
motion,  while  the  curve  corresponds  to  acceleration,  i.e.,  occurence  of  a 
further  pressure  loss.  Extrapolation  of  the  straight  line  portion  correspon¬ 
ding  to  pressure  changes  along  the  straight  pipe  to  the  point  of  intersection 
with  the  ordinate  denotes  the  point  on  the  latter  whose  value  is  equal  to  the 
amount  of  pressure  lost  in  the  straight  section  of  the  pipe  beyond  the  bend. 
This  is  illustrated  in  Fig.  15- 

As  before,  the  total  pressure  (the  sum  of  the  static  and  dynamic  pressu¬ 
res)  and  the  static  pressure  readings  obtained  from  pressure  distribution 
measurements  in  the  pipe  cross-section  were  converted  to  the  water  column 
equivalents  and  roduced  to  the  pressure  corresponding  to  f  ■  1.2  kg/ir .  The 
difference  of  these  two  pressures  represents  the  reduced  dynamic  pressure. 

Tha  air  stream  velocity  was  calculated  for  each  measurement  point  in  the  pipe 
cross-section  from  the  value  of  dynamic  pressure  the  equation 

*  m  [*/sek]  (51)  (51) 

The  distribution  of  air  velocity  vectors  in  the  pipe  cross-section 
forms  &  flattened  paraboloid  of  revolution  with  the  axis  coinciding  with  that 
of  the  pipe.  This  paraboloid  may  be  defamed  by  stream  turbulence  caused, 
among  others,  by  the  assyaetrlc  distribution  of  material  in  the  cross-section 
and  by  other  obstacles. 

O 

Having  the  flat  distribution  of  the  velocities  measured  along  the  cross- 
section  diameter  (velocity  distribution  was  measured  only  in  the  plane  of  the 
bend),  we  cm  calculate  the  volume  of  the  paraboloid  tfcich  will  be  equal 
to  the  output  of  air  per  second: 

[*»/sakJ.  (52) 


•  2*  ^  rrdr 


Knowing  the  amount  of  material  G_  (in  kg/sec)  introduced  into  the  stream, 
and  the  weight  flow  rate  of  air  (}_  (in  kg/sec),  we  can  determine  the 
weight  concentration  coefficient  for  the  mixture 

<55) 

After  processing,  the  measurement  results  were  displayed  in  the  form 
of  the  following  graphs: 

1)  graphs  of  pressure  loss  due  to  an  arc  in  the  horizontal  position 

as  a  function  of  the  outer  arc  radius  (and  R8r/D),  containing  pressure  change 
curves  which  take  into  account  the  losses  in  the  straight  section  beyond 

dfl,1  -  fi *) 

the  bend  (the  total  loss):  101a  ^  and  Har/D;  and  the  pressure  change 

Apj  -  fO 0  , 

curves  for  the  bend:  101b  /)  ana  (Rs-/D)> 

2)  graphs  of  pressure  drop  in  an  arc  situated  in  the  vertical  position 


the  vertical  position 


II  (  — —' )  as  a  function  of  the  outer  arc  radius  (and  R.-/D): 
and  Rgr/D); 


m  f(R) 


3)  graphs  of  K?  coefficients  as  a  function  of  the  mixture  concentration 

X}  -m  Xj  m  flp) 
coefficients  l£>ld  *  and  A  Die: 

X/i-  fM 

4)  graphs  for  IDlf  /)  and  (R^/D)  and  /\  Wig  ; 

5)  graphs  for  lOlh^jand  (R„/D),  and  1011  *£-/(/»> 

Hie  following  notation  has  been  used: 

K?  is  a  coefficient  taking  into  account  the  effect  of  material  on  the 
increase  in  the  total  resistance  to  motion  for  an  arc  situated  in  the  horizon- 
tal  plane; 

K^x  the  coefficient  taking  into  account  the  effect  of  material  on 
the  increased  resistance  to  motion  within  an  arc  situated  in  the  horizontal 
position; 

KT£  is  the  coefficient  taking  into  account  the  effect  of  material  on 

d  in  the  vertical  noaition  H  (  — T). 


p  1 1 B  »  w »- 


The  graphs  selected  as  an  illustration  are  shown  In  Figs.  16-23* 

In  order  to  oompare  the  result  a  of  maasurements  with  theoretical 
calculation,  it  is  necessary  to  have  for  the  latter  the  data  corresponding 
to  the  aame  starting  conditions  as  those  enployed  in  the  experiment.  To  this 
end,  the  experimentally  determined  air  velocity  in  the:  pipeline  end  the  celeu* 


V' 


lated  initial  velocity  of  the  material  have  been  U3ed  in  the  theoretical 
formulas.  The  results  obtained  from  calculations  using  these  data  are  plotted 
in  the  graphs  as  a  dotted  line. 


Fig*  17.  Graph  of  pressure  loss  within  a  bend  in  the  vertical  plane. 
Material]  beechwood  chips,  G  •  0*6  kg/seo. 


Fig.  18.  Graph  of  102a  for  wheat.  G  “  1.2  hg/seo. 

An  analysis  and  comparison  of  the  experimental  results  with  the  theore¬ 
tical  considerations  and  calculations  lead  to  the  following  conclusions! 

1.  The  procedure  hitherto  explored  for  calculation  of  resistance  in 
pipeline  beads  and  based  an  the  acceptance  of  the  coefficient  K  (Which 
takes  into  account  the  effect  of  material  on  flow  reaietanoe  increase)  at  a 
value  identical  with  that  for  the  straight  sections  is  unjustified.  The  values 
of  K  for  bends  are  considerably  higher  than  thoee  for  straight  sections. 


is  i  u  : 


Fig.  22.  Graph  of 


for  wheat 


1.2  kg/sec 


By*.  25.  Vyfcr**  warteAei  Xjj  ■  t(j i)  dl*  pMuieyf  -yi  ■  3 


Fig.  23*  Graph  of 


for  wheat.  E||r/D  -  3. 


Furthermore,  Weidner’s  approach  cannot  be  considered  satisfactory  because 
of  the  aimply$ring  assumptions  be  adopted.  Among  others,  his  approach  does 
not  provide  the  naans  for  dividing  the  pressure  losses  into  the  parts  arising 
in  a  bend  and  in  the  straight  section  beyond*  tmm  nay  lead  to  'wrong  conclu¬ 
sions  cone  warning  the  value  of  the  resistance  coefficient  obtained  from 
experimental  measurements. 

2*  The  adequate  agreement  between  the  experimental  and  theoretical  cur¬ 
ves  makes  it  possible  to  believe  that  the  model  of  the  forces  acting  on 
particles  within  an  arc  as  presented  above  is  satisfactory,  and  that  the 
main  forces  determining  the  magnitude  of  losses  due  to  bends  have  been  taken 
into  account.  The  existing  discrepancies  can  be  by  the  fact  that 

the  additional  secondary  influences  discussed  above,  changes  in  the  physical 
characteristics  of  materials  in  the  course  of  measurements  and  measurement 
errors  have  been  Ignored  in  tho  present  considerations. 


3*  The  aagnitude  of  resistance  due  to  *  bend  depend*  on  its  geometric 
and  on  the  value  of  the  outside  ere  radius  (at  a  constant  vain*  of 
Bar/").  This  ststsBant  is  an  additional  argunsnt  against  th*  correctness  of  the 
old  eethod ‘for  calculating  resistances  in  pipeline  bands  usixgK  values  true 
of  the  straight  pip*  sections. 

4»  ^or  bends  situated  in  the  horizontal  plan*,  lower  values  of  R  /d 
and  the  outside  are  radius  are  more  advantageous.  ** 

.5*  This  principle  is  still  sore  strongly  applicable  to  positions  II 
(  — and  I H  (  )  than  to  the  case  of  th*  horizontal  position.  2h  th* 

caf*  **  P0®**^®*  IV  and  ?  (  — y  and  respectively),  bends  with  higher 

values  of  Bar/D  are  More  advantageous  for  low  initial  particle  velocities. 

6.  The  use  of  arcs  with  low  R~/D  values  (1.5,  2.0)  Is  not  rebounded, 
since  then  the  effect  of  the  lgnorea  factors  becomes  fairly  substantial  and 
divergence  ft was  theory  quit*  largo*  It  sews  that  arcs  with  R.~/D  -  2.5:  3.0 

are  the  aoet  advantageous.  * 


7*  Be  coefficient  of  friction  of  th*  Material  against  the  the  pis* 
is  th*  quantity  determining  the  —  of  resistance  in  bends. 

S.  Further  erperlnentel  investigation,  at  ■>-«««■  and,  hiah 

prsasuxus.  Is  nssdsd  to  oonfia  that  th*  thssls  presorted  above  Is  valid  for 


the  entire  range  of 


employed  in  PPT. 
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